Lee JH, Gao Z, Ye J. Regulation of 11␤-HSD1 expression during adipose tissue expansion by hypoxia through different activities of NF-B and HIF-1␣. Am J Physiol Endocrinol Metab 304: E1035-E1041, 2013. First published March 19, 2013; doi:10.1152/ajpendo.00029.2013.-11␤-Hydroxysteroid dehydrogenase type 1 (11␤-HSD1) is involved in the pathogenesis of type 2 diabetes by generating active glucocorticoids (cortisol and corticosterone) that are strong inhibitors of angiogenesis. However, the mechanism of 11␤-HSD1 gene expression and its relationship to adipose angiogenesis are largely unknown. To address this issue, we examined 11␤-HSD1 expression in visceral and subcutaneous adipose tissue (AT) of diet-induced obese (DIO) mice during weight gain and investigated the gene regulation by hypoxia in vitro. 11␤-HSD1 mRNA was reduced in the adipose tissues during weight gain in DIO mice, and the reduction was associated with an elevated expression of angiogenic factors. In vitro, 11␤-HSD1 expression was induced in mRNA and protein by hypoxia. Of the two transcription factors activated by hypoxia, the nuclear factor-B (NF-B) enhanced but the hypoxia inducible factor-1␣ (HIF-1␣) reduced 11␤-HSD1 expression. 11␤-HSD1 expression was elevated by NF-B in epididymal fat of aP2-p65 mice. The hypoxia-induced 11␤-HSD1 expression was attenuated by NF-B inactivation in p65-deficient cells but enhanced by HIF-1 inactivation in HIF-1␣-null cells. These data suggest that 11␤-HSD1 expression is upregulated by NF-B and downregulated by HIF-1␣. During AT expansion in DIO mice, the reduction of 11␤-HSD1 expression may reflect a dominant HIF-1␣ activity in the adipose tissue. This study suggests that NF-B may mediate the inflammatory cytokine signal to upregulate 11␤-HSD1 expression.
11␤-hydroxysteroid dehydrogenase type 1; nuclear factor-B; hypoxiainducible factor-1␣; hypoxia; hyperinsulinemia; angiogenesis; inflammation; obesity; type 2 diabetes 11␤-HYDROXYSTEROID DEHYDROGENASE TYPE 1 (11␤-HSD1) that converts inactive glucocorticoids (GCs; cortisone and 11-dehydrocorticosterone) into active GCs (cortisol and corticosterone) plays a role in the pathogenesis of insulin resistance. Global inactivation of 11␤-HSD1 by gene knockout prevents insulin resistance and reduces hepatic gluconeogenesis in obese mice (21) . 11␤-HSD1 overexpression in adipose tissue (AT) generates visceral obesity and systemic insulin resistance in transgenic mice (23) . Liver-specific overexpression of 11␤-HSD1 leads to insulin resistance in the absence of obesity in mice (31) . Conversely, global inactivation of the 11␤-HSD1 gene protects mice from diet-induced obesity (21, 25, 26) . 11␤-HSD1 has been a drug target in the study of insulin resistance, and its inhibition using a pharmacological approach improves insulin sensitivity in diabetic mice (2) . 11␤-HSD1 is expressed in many cell types, including adipocytes, and the expression is increased during adipocyte differentiation (7) . 11␤-HSD1 elevation in adipocytes is proposed to be a common molecular etiology for visceral obesity and metabolic syndrome (23) . Although metabolic activities of 11␤-HSD1 have been documented in the literature (16, 28) , there is little information about the molecular mechanism of 11␤-HSD1 regulation. In hepatocytes, the 11␤-HSD1 gene promoter is activated by the transcription factor C/EBP in response to TNF␣ (1, 5, 18 ), but it is not known how 11␤-HSD1 expression is regulated in adipocytes. To address this issue, we investigated the mechanism of 11␤-HSD1 expression in adipose tissue during early weight gain in diet-induced obese (DIO) mice.
We hypothesize that 11␤-HSD1 may inhibit AT function by suppression of angiogenesis. Active GCs mediate 11␤-HSD1 activity to regulate local metabolism independently of GC level in the circulation. According to GC activity in the stimulation of adipocyte differentiation, GCs should protect AT function since new adipocytes have better metabolic activities over the old adipocytes. However, this fact is opposite of this expectation, and the mechanism remains unknown. We propose that 11␤-HSD1 expression may lead to AT dysfunction through inhibition of angiogenesis, which is known to induce AT hypoxia (39) . Angiogenesis that is stimulated by proangiogenic factors and inhibited by antiangiogenic factors is required for the maintenance of AT function (20, 30) . Restoration of angiogenesis by VEGF overexpression in transgenic mice or by thiazolidinedione treatment improved AT function (12, 14, 15, 24, 34, 35) . In contrast, elevation of the antiangiogenic factor pigment epithelium-derived factor reduced AT function (9, 37) . These studies suggest that the angiogenic factor is key in the maintenance of AT function during weight gain. It is unknown why the angiogenic factors are reduced in AT in obesity (30) . The active GCs from 11␤-HSD1 expression provide an excellent mechanism since GCs have a strong activity in the inhibition of angiogenesis (33) . This possibility was tested in AT during weight gain in the current study.
In this study, we examined the time course of 11␤-HSD1 expression and angiogenic factor expression in the AT of DIO mice. Our data suggest that 11␤-HSD1 reduction is associated with an increase in angiogenic factors. In addition, our data suggest that NF-B is an activator and hypoxia-inducible factor-1␣ (HIF-1␣) a repressor of the 11␤-HSD1 gene.
MATERIALS AND METHODS
Reagents. Antibodies to anti-11␤-HSD1 (sc-20175) and p65 (sc-8008) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to HIF-1␣ (H6536) and actin (ab6276) were from Sigma-Aldrich (St. Louis, MO) and Abcam (Cambridge, MA), respectively.
Animal experiments. Male C57BL/6 mice were purchased from The Jackson Laboratory (Bar Harbor, ME) at 6 wk of age and were group-housed two to four mice per cage in the animal facility of the Pennington Biomedical Research Center with 12:12-h light-dark cycle and temperature of 22-24°C. The mice had free access to water and diet. Diet-induced obesity was induced by high-fat diet (HFD; 58% kcal in fat, D12331; Research Diets, New Brunswick, NJ) feeding for 10 wk beginning at 8 wk of age. AT (epididymal fat) was collected weekly after mice were euthanized. aP2-p65 transgenic mice were made in our laboratory and used in earlier studies (36, 43) . The mice were fed HFD for 6 wk at 10 -12 wk of age. All animal experiments were approved by the Institutional Animal Care and Use Committee at the Pennington Biomedical Research Center.
Cell culture. 3T3-L1 cells were purchased from American Type Culture Collection (Manassas, VA). All cells (such as HIF-1␣-null and p65 null MEF) used in this study were cultured in appropriate media, as described previously (13) .
Hypoxia treatment. Cells were treated with air containing 1% O 2 and 5% CO2 for 24 h in a sealed humidified chamber according to previously reported methods (42) . The chamber was kept in a water bath at 37°C. Control cells for the normoxia condition were cultured at the same time in a humidified 37°C incubator.
Western blot. Cells were collected and dissolved in lysis buffer (1% Triton X-100, 50 mM KCl, 25 mM HEPES, pH 7.8, 10 g/ml leupeptin, 20 g/ml aprotinin, 125 M dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and 1 mM sodiumorthovanadate). The whole cell lysate was sonicated in the lysis buffer, and the supernatant was collected from the homogenate after centrifugation at 12,000 rpm, 4°C, for 10 min. Supernatants were stored at Ϫ80°C until use. Western blots were conducted with equal amounts of protein, as described elsewhere (13) . Between blotting with different antibodies, the same membrane was stripped in stripping buffer (GM6001) from GM Biosciences (Rockville, MD) at room temperature for 30 min. Quantitative image analysis was performed using NIH Image software (Image J) to determine the intensity of the individual protein.
Quantitative RT-PCR. mRNA expression was determined by one-step quantitative real-time PCR using TaqMan Master Mix (Applied Biosystems, Foster City, CA). TaqMan primers for 11␤-HSD1 (Mm00476182_ml), p65 (Mm00501346_ml), Hif-1␣ (Mm00468869_ml), heme oxygenase 1 (Hemox; Mm00516004_ml), glucose transporter (GLUT1; Mm00441473_ml), pyruvate dehydrogenase kinase 1 (PDK1; Mm00554306_ml), VEGF (Mm00437304_ml), PDGF (Mm00440678_ml), hepatocyte growth factor (HGF; Mm01135177_ml), TGF␤ (Mm00441724_ml), and fibroblast growth factor 2 (FGF2; Mm00433287_ml) were used to determine mRNA with the 7900 HT Fast Real-Time PCR System (Applied Biosystems). mRNA level was normalized by 18S rRNA expression.
Statistical analysis. The data were analyzed with Student's t-test or one-way ANOVA using SPSS software (version 11.0 for Windows; SPSS, Chicago, IL), with significance set at P Ͻ 0.05. The results are presented as means Ϯ SE. All experiments were conducted at least three times. 
RESULTS

11␤-HSD1 expression is downregulated during AT expansion in DIO mice.
11␤-HSD1 expression is increased in the visceral and subcutaneous fat tissues in human obesity (10, 19) . In DIO mice, 11␤-HSD1 expression is decreased in the fat tissue (11, 27) . The mechanism underlying this discrepancy is not known (22) . We propose that the difference may reflect 11␤-HSD1 expression in the distinct stages of AT expansion in obesity. To test this possibility, we determined 11␤-HSD1 expression in a visceral fat pad (epididymal fat) and subcutaneous fat (inguinal fat) of DIO mice during weight gain. 11␤-HSD1 expression was monitored for 1-10 wk of HFD feeding. A reduction in 11␤-HSD1 expression was observed in the 1st wk on HFD, and the reduction remained thereafter during the entire period (Fig. 1A) . On average, 11␤-HSD1 mRNA was reduced by 40% in the epididymal fat at the five observation time points (Fig. 1A) . A similar reduction was observed in the subcutaneous fat (Fig. 1B) .
A relationship of the 11␤-HSD1 reduction and hypoxia was determined by analysis of expression of hypoxia-responsive genes, including Hif-1␣, Glut1, Hemox, and Pdk1. Two of those genes (Hif-1a and Hemox) were upregulated in the 1st wk, and all of the hypoxia-responsive genes were elevated by 5 wk on HFD (Fig. 1C) . The data suggest that the hypoxiasignaling pathway is activated immediately in the AT when the tissue growth is initiated in DIO mice. The weight gain and fat tissue expansion were consistently induced by the HFD in DIO mice (Fig. 1, D and E) . At week 10, the body weight was increased by 90% in the mice from 24 to 46 g, and the epididymal fat mass was increased ϳ10-fold from 0.25 to 2.7 g. At weeks 4 and 5, the weight and fat gain were temporarily interrupted due to an environmental change in mouse housing, which generated a transient impact in the mice. Expression of the NF-B subunit p65 was examined, and a 70% increase was observed in the fat tissue at week 5 (Fig. 1F) . These data suggest that, during early stage of fat growth, 11␤-HSD1 expression is reduced, and the reduction is associated with the hypoxia in the fat pad of DIO mice.
Expression of angiogenic factors. Angiogenesis is required for adipocyte differentiation and AT growth (8) . Hypoxia is a well-known driving force in angiogenesis by inducing expression of proangiogenic factors. However, the dynamic relationship of hypoxia and angiogenic genes has not been explored previously during the AT growth in DIO mice. To address this issue, we examined five representative angiogenic factors in this study. Their expression was quantified in the epididymal fat at 1, 5, and 10 wk of HFD feeding.
The five angiogenic factors exhibited different patterns of expression during the weight gain. Vascular endothelial growth factor (VEGF) is a primary proangiogenic factor. VEGF expression was increased significantly in the 1st wk, and the increase was reduced gradually thereafter ( Fig. 2A) . The increase was lost by one-half at 5 wk and became insignificant by the 10th wk on HFD (Fig. 2A) . Platelet-derived growth factor (PDGF) involves in maturation of capillary function. PDGF was not increased significantly during the 1st wk but exhibited a 120% increase during the 5th wk (Fig. 2B) . Then, the increase disappeared during the 10th wk. Transforming growth factor-␤ (TGF␤) is also required for capillary maturation. Its expression was elevated during the 1st wk, and the increase was enhanced further during the 10th wk, although no increase was found during the 5th wk (Fig. 2C) . HGF was increased in a pattern similar to PDGF (Fig. 2D) . FGF2 was reduced modestly during the 1st wk, and then the reduction was not observed thereafter (Fig. 2E) . These data suggest that the major angiogenic factors were increased during AT expansion, although their patterns of expression were different. The increase is associated 11␤-HSD1 reduction in the AT. This inverse relationship suggests that 11␤-HSD1 may inhibit angiogenic factor expression through active GCs in the AT.
11␤-HSD1 is inducted by NF-B.
The association of reduced 11␤-HSD1 and increased hypoxia genes suggests that 11␤-HSD1 may be regulated by hypoxia in the AT during weight gain. To test this possibility, we examined 11␤-HSD1 in cultured cells after treatment with hypoxia (1% oxygen). In 3T3-L1 adipocytes, the treatment induced 11␤-HSD1 mRNA by 70% (Fig. 3A) at 24 h. We tested transcription factor NF-B in the 11␤-HSD1 response to hypoxia because NF-B is activated by hypoxia in adipocytes (41) . The study was conducted in wild-type (WT) mouse embryonic fibroblast (MEF) cells and NF-B p65-null MEFs. In the basal condition, 11␤-HSD1 was not detected in either WT or p65-null cells (Fig.  3B) , suggesting a low expression of 11␤-HSD1 in MEFs. In response to hypoxia, 11␤-HSD1 expression was induced 15-fold in WT cells, and the response was not observed in p65-null cells (Fig. 3B) . The data suggest that NF-B activity is required for 11␤-HSD1 induction by hypoxia.
To test this NF-B activity in vivo, we examined 11␤-HSD1 in AT of aP2-p65 mice, in which NF-B p65 subunit is overexpressed in adipocytes and macrophages under the aP2 (FABP4) gene promoter (36) . The epididymal fat pads were collected from the peritoneal cavity of aP2-p65 mice and used in mRNA assay. In the transgenic fat, 11␤-HSD1 mRNA was increased remarkably, by 60%, over the WT control (Fig. 3C) , suggesting that NF-B is an activator of 11␤-HSD1 gene. To test this possibility, we determined 11␤-HSD1 expression in 3T3-L1 adipocytes after NF-B activation by overexpression of p65 in a transient transfection assay. 11␤-HSD1 protein was increased onefold in response to the NF-B activation, as indicated by the immunoblot result (Fig. 3D) . The increase in p65 protein was confirmed in the transfected cells (Fig. 3D) . The data suggest that hypoxia induces 11␤-HSD1 expression, and NF-B represents an activator of 11␤-HSD1 gene. NF-B is likely required for 11␤-HSD1 expression in response to hypoxia.
11␤-HSD1 is inhibited by HIF-1␣. HIF-1␣ is a primary transcription factor that is activated by hypoxia to regulate gene expression, although HIF-1␣ is also regulated by insulin and adipogenesis in obesity (17) . To test the role of HIF-1␣ in the regulation of 11␤-HSD1 expression, we compared 11␤-HSD1 expression in WT and HIF-1␣-null MEFs in this study. In the absence of hypoxia, HIF-1␣-null cells expressed more 11␤-HSD1 mRNA than WT cells. The difference was 160-fold in the two types of cells (Fig. 4A) . In response to the hypoxia treatment, the difference became 430-fold, suggesting that 11␤-HSD1 expression was increased further in the null cells (Fig. 4A) . The difference was observed in 11␤-HSD1 protein in WT and HIF-1␣-null cells (Fig. 4, B and C) . The HIF-1␣-null cell expressed significantly more 11␤-HSD1 protein in the basal condition without hypoxia. In response to hypoxia, WT cells exhibited a threefold increase in 11␤-HSD1 protein (Fig.  4C) . The protein in null cells had relatively less fold increase, but it remained modestly higher than that of WT cells in response to hypoxia (Fig. 4C) . These data suggest that HIF-1␣ is not required for induction of 11␤-HSD1 expression by hypoxia. Instead, HIF-1␣ may inhibit 11␤-HSD1 expression. To test this possibility, HIF-1␣ was overexpressed in 3T3-L1 adipocytes in a transient transfection. The overexpression reduced 11␤-HSD1 protein expression by 50% (Fig. 4, D and E) , suggesting a negative role of HIF-1␣ in the regulation of 11␤-HSD1 expression. HIF-1␣ overexpression was confirmed in the transfected cells (Fig. 4D) . These data suggest that HIF-1␣ is not required for hypoxia-induced 11␤-HSD1 expression, and HIF-1␣ is a repressor of 11␤-HSD1 gene.
DISCUSSION
We observed that reduced 11␤-HSD1 was associated with increased expression of angiogenic factors (VEGF, PDGF, TGF␤, and HGF) during adipose tissue expansion, which supports our hypothesis that 11␤-HSD1 contributes to adipose tissue dysfunction in obesity by inhibition of angiogenesis. Adipose tissue dysfunction is coupled with insulin resistance in obesity, and recent studies have suggested that angiogenic failure is a risk factor for adipose dysfunction. Angiogenic failure leads to a reduction in adipose tissue blood supply, which triggers a hypoxia response in the adipose tissue (38) . However, the molecular mechanism for angiogenic failure during adipose tissue expansion is largely unknown. We observed that 11␤-HSD1 expression was downregulated in visceral and subcutaneous fat pads in mice from the first week on HFD. The reduction was maintained in the entire 10-wk study. Our data provide information about the time course of 11␤-HSD1 change during adipose tissue expansion, which was not reported in other studies about 11␤-HSD1 in adipose tissue (22, 27) . More importantly, we found that the reduction was correlated to an increase in the expression of angiogenic factors in the tissues. 11␤-HSD1 was reported to inhibit angiogenesis through production of active GC locally (33) , and 11␤-HSD1 gene inactivation was found to enhance angiogenesis in adipose tissue (24) . However, 11␤-HSD1 activity during adipose tissue expansion was not examined in those early studies. Our observation links 11␤-HSD1 to dynamic changes of multiple angiogenic factors during adipose tissue growth. Our data suggest that 11␤-HSD1 expression is induced by hypoxia through NF-B activation. Our gene expression data suggest that 11␤-HSD1 reduction is associated with hypoxia during adipose tissue expansion in DIO mice. In vitro, 11␤-HSD1 expression in response to hypoxia involves two major transcription factors, NF-B and HIF-1␣. NF-B induced 11␤-HSD1 expression in 3T3-L1 adipocytes with p65 overexpression in transient transfection and in the adipose tissue of aP2-p65 transgenic mice. Conversely, inactivation of NF-B activity in p65-null MEFs abolished the 11␤-HSD1 response to hypoxia. These data consistently suggest that NF-B is an activator of the 11␤-HSD1 gene and is required for induction of 11␤-HSD1 by hypoxia. This finding provides a mechanism by which 11␤-HSD1 expression is induced by TNF␣ (1, 18) , which activates NF-B through the TNF receptor signaling pathway. Hypoxia activates NF-B within 2 h, but it took 24 h to induce 11␤-HSD1 expression in the current study. It is possible that hypoxia acts by inducing a stronger NF-B activator, such as TNF␣, in the cultured cells for induction of 11␤-HSD1. This possibility should be tested in the future since it is out of the scope of current study. It will take an extensive effort to identify the mechanism by which NF-B mediates the hypoxia signal in the regulation of 11␤-HSD1.
The study suggests that NF-B is a target in the inhibition of 11␤-HSD1 expression. 11␤-HSD1 expression is induced during differentiation of adipocytes, and its maximal expression is observed in mature adipocytes (4, 6, 29) . During adipocyte differentiation, NF-B expression is elevated in the nucleus (3) . This pattern of NF-B expression correlates to 11␤-HSD1 expression during adipogenesis. It was reported that active GCs inhibit 11␤-HSD1 expression through the targeting of C/EBP (32) . Our study suggests that NF-B may be another target of GCs in the inhibition of 11␤-HSD1 expression.
Our data suggest that HIF-1␣ is a negative regulator of 11␤-HSD1 expression. In response to hypoxia, HIF-1␣ protein level is elevated in the cytoplasm as a result of protein stabilization. HIF-1␣ translocates to the nucleus to induce transcription of angiogenic factors, including VEGF, which stimulates endothelial cell proliferation, differentiation, and capillary formation. This angiogenic activity of VEGF promotes an increase in blood supply to the hypoxic area in tissues as being documented (12, 24, 34, 35) . In obesity, HIF-1␣ activity is upregulated by other factors such as insulin and adipogenesis in the adipose tissue in addition to hypoxia (17) . Our data from HIF-1␣-null cells suggest that HIF-1␣ inhibits 11␤-HSD1 gene expression. HIF-1␣ activity is dominant in the adipose tissue in the early stage of obesity, as suggested by the reduced 11␤-HSD1 and increased angiogenic factors. Insulin and adipogenesis may contribute to the strong HIF-1␣ activity. In the DIO model, hyperinsulinemia is a feature, a result of increased ␤-cell sensitivity to glucose in the presence of fatty acids and islet compensatory expansion (40) . The hyperinsulinemia is coupled with abundant fatty acids and glucose in the mice on a high-fat diet. In combination, the insulin and nutrients promote adipogenesis in the adipose tissue. In this condi- tion, HIF-1␣ activity is enhanced in adipocytes by insulin and adipogenesis, as reported earlier (17) . HIF-1␣ accounts for the reduced 11␤-HSD1 in the adipose tissue of DIO mice in this study. In vitro, both HIF-1␣ and NF-B were activated in 3T3-L1 adipocytes in the long-time (24 h) hypoxia treatment (41) . However, NF-B activity likely becomes dominant in the system to increase 11␤-HSD1 expression. In vivo, a high level of NF-B activity is associated with the chronic adipose inflammation in the late stage of obesity or in extreme obesity (ob/ob mice), which provides an explanation to the elevated 11␤-HSD1 expression (28) . In summary, our study suggests that 11␤-HSD1 is reduced during adipose tissue growth at the early stage of weight gain, and the reduction is associated with an increase in the angiogenic activity. In vitro, 11␤-HSD1 expression was induced by hypoxia in long-time (24 h) treatment. The data from genetic models suggest that NF-B is an activator and that HIF-1␣ is a repressor of the 11␤-HSD1 gene. These findings provide a new mechanism by which 11␤-HSD1 is regulated in the early and late stages of obesity. The 11␤-HSD1 reduction in adipose tissue suggests a dominant activity of HIF-1␣ during adipose tissue growth in the early stage of obesity. The 11␤-HSD1 elevation in the late stage of obesity suggests a dominant NF-B activity or proinflammatory status. The study provides evidence that NF-B and HIF-1␣ are molecular targets in the regulation of 11␤-HSD1 expression.
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